Recent studies demonstrated the existence of gene loops that juxtapose the promoter and terminator regions of genes with exceptionally long ORFs in yeast. Here we report that looping is not idiosyncratic to long genes but occurs between the distal ends of genes with ORFs as short as 1 kb. Moreover, looping is dependent upon the general transcription factor TFIIB: the E62K (glutamic acid 62 / lysine) form of TFIIB adversely affects looping at every gene tested, including BLM10, SAC3, GAL10, SEN1, and HEM3. TFIIB crosslinks to both the promoter and terminator regions of the PMA1 and BLM10 genes, and its association with the terminator, but not the promoter, is adversely affected by E62K and by depletion of the Ssu72 component of the CPF 3 0 end processing complex, and is independent of TBP. We propose a model suggesting that TFIIB binds RNAP II at the terminator, which in turn associates with the promoter scaffold.
INTRODUCTION
RNA polymerase II (RNAP II) assembles into a transcription preinitiation complex (PIC) with the aid of general transcription factors (GTFs) that include TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH (reviewed in Hahn, 2004) . PIC assembly is nucleated by the binding of TFIID, which includes the TATA binding protein (TBP) and TBPassociated factors (TAFs), to the core promoter. TFIIB binds the DNA-TFIID complex as a prerequisite to RNAP II-TFIIF binding, followed by TFIIE and TFIIH. The X-ray structure of a yeast RNAP II-TFIIB cocrystal revealed a ''B finger'' domain of TFIIB that inserts into the presumed RNA exit channel of RNAP II (Bushnell et al., 2004) . Displacement of the B finger was proposed to allow RNAP II to transition from the abortive phase of initiation into productive elongation. Promoter clearance by RNAP II is accompanied by dissociation of TFIIB and TFIIF from the initiation complex, whereas the remainder of the PIC, including TFIIA, TFIID, TFIIE, TFIIH, and components of the Mediator complex, remains associated with the promoter as a ''scaffold'' that facilitates subsequent rounds of transcription in vitro (Yudkovsky et al., 2000) . Accordingly, transcription reinitiation appears to occur by a pathway different from de novo PIC assembly.
Several recent studies have implicated DNA loops as important structures that regulate gene expression in mammalian cells. In each case, DNA looping juxtaposes promoter DNA with enhancer elements that often lie far upstream. In the case of the mouse b-globin locus, the active adult b-globin genes spatially interact with the enhancer elements of locus control regions (LCR) located 40-60 kb away; the intervening embryonic b-globin genes loop out and are inactive (Tolhuis et al., 2002) . The base of the loop has been referred to as an active chromatin hub (ACH) (de Laat and Grosveld, 2003) or ''transcription factory'' (Marenduzzo et al., 2007) that includes not only a cluster of active genes but also RNAP II and other factors required for their expression. For example, the mouse b-globin ACH includes erythroid krü ppel-like factor (EKLF) and CCCTC-binding factor (CTCF), two gene-specific transcription factors required for adult b-globin gene expression (Drissen et al., 2004; Splinter et al., 2006) . A similar structural arrangement was described for the interleukin genes in activated mouse T H 2 cells (Cai et al., 2006) . In that case, transcriptional activation is associated with gene organization into a series of small loops anchored at each base to the nuclear scaffold protein special AT-rich sequence binding protein 1 (SATB1) (Cai et al., 2006) . This juxtaposition of enhancer-promoter elements has been proposed to underlie developmental-and tissue-specific gene expression in metazoan organisms.
Two recent studies, one from the Proudfoot and Mellor laboratories (O'Sullivan et al., 2004) , the other from our laboratory (Ansari and Hampsey, 2005) , demonstrated the presence of gene loops that juxtapose specifically the promoter and terminator regions of three genes in the yeast Saccharomyces cerevisiae. In the case of the SEN1 and BUD3 genes, loop formation was reported to be RNAP II dependent and to require the Ssu72 and Pta1 components of the 3 0 end processing machinery (Ansari and Hampsey, 2005) . These results suggest that gene loops are dynamic structures that form between promoter and terminator regions subsequent to a pioneer round of transcription. In both studies, exceptionally long genes were characterized because of the technical advantages afforded by the exceptional spatial separation of the ends of the genes. It is not known whether gene loops are a characteristic specific to long genes or if looping occurs more generally.
Transcription termination is coupled with mRNA 3 0 end processing in vivo (reviewed in Bentley, 2005; Buratowski, 2005; Proudfoot, 2004; Rosonina et al., 2006) . The yeast cleavage/polyadenylation factor (CPF) and cleavage factor I (CF I) recognize RNA sequence elements that flank the poly(A) site and catalyze 3 0 end formation prior to termination (Proudfoot, 2004; Zhao et al., 1999) . Ssu72 is an integral component of the CPF complex and interacts directly with Pta1 (Dichtl et al., 2002; Gavin et al., 2002; He et al., 2003; Nedea et al., 2003) . Defective forms of Ssu72 have been reported to affect 3 0 end formation as well as termination (Dichtl et al., 2002; He et al., 2003; Krishnamurthy et al., 2004; Steinmetz and Brow, 2003) . The CPF requirement for gene looping not only underlies the conclusion that looping is likely to involve an initial round of transcription, but also suggests that promoterterminator juxtaposition could be mediated by direct interaction between components of the 3 0 end processing and transcription initiation machineries.
One possible candidate for a protein that bridges the promoter-terminator interaction is the general transcription factor TFIIB. The Ssu72 CTD phosphatase was initially identified based on genetic interaction with TFIIB (Sun and Hampsey, 1996) , and these two proteins directly interact in vitro (Dichtl et al., 2002; Wu et al., 1999) . In the study reported here, we have used ''capturing chromosome conformation'' (3C) and chromatin immunoprecipitation (ChIP) assays to demonstrate that looping is not restricted to long genes but occurs at RNAP II-transcribed genes independent of gene length. Furthermore, we demonstrate that looping is TFIIB dependent in a manner independent of its role in transcription. We propose a model that involves TFIIB association with RNAP II at the terminator, which then associates with the promoter scaffold to form a gene loop.
RESULTS

Gene Looping Is Not Idiosyncratic to Long Genes
Earlier studies demonstrated the existence of gene loops at the FMP27 (7.9 kb), SEN1 (6.7 kb), and BUD3 (4.9 kb) genes (Ansari and Hampsey, 2005; O'Sullivan et al., 2004) . These three genes were analyzed because of the technical advantages offered by their exceptionally long ORFs (indicated in parentheses). To determine whether looping is a more general phenomenon, not limited to long genes, we applied the 3C assay to the BLM10 (6.4 kb), SAC3 (3.9 kb), GAL10 (2.1 kb), and HEM3 (1.0 kb) genes ( Figures 1A-1D) . We found that all four genes form loops, as detected by the presence of P1-T1 PCR products in the wild-type strain (lane 1 in each panel). In each case, P1-T1 PCR products are ligation dependent (data not shown), as expected for divergent primer pairs, and are detected irrespective of whether the adjacent restriction site is located within a flanking gene or an intergenic region. We conclude that gene looping is not idiosyncratic to long genes but can occur at genes as short as 1 kb in length.
Gene looping is affected by the transcription status of the cell and requires the Ssu72 CTD phosphatase component of the CPF 3 0 end processing complex (Ansari and Hampsey, 2005) . The RNAP II requirement was demonstrated using the rpb1-1 mutant, which results in rapid shutoff of host cell transcription following a shift from permissive (24 C) to restrictive (37 C) temperature (Nonet et al., 1987 ). Here we demonstrate that looping at the BLM10, SAC3, GAL10, and HEM3 genes is also RNAP II dependent: whereas distinct P1-T1 PCR products were observed when cells were grown at 24 C, these signals were clearly diminished when cells were shifted to 37 C for 1 hr prior to formaldehyde crosslinking ( Figures 1A-1D , cf. lanes 3 and 4). Ssu72 is also required for looping, as degron-mediated depletion of Ssu72 (ssu72-td) following a 37 C temperature shift diminished looping to an extent comparable to that associated with RNAP II inhibition ( Figures 1A-1D , cf. lanes 5 and 6). These effects can be directly attributed to the rpb1-1 and ssu72-td alleles, and not to a consequence of elevated temperature (37 C), as the P1-T1 PCR signals are not diminished upon incubation of the wild-type strain at 37 C ( Figures  1A-1D , cf. lanes 1 and 2 with lanes 3 and 4 and 5 and 6).
The P1-T1 PCR products represent DNA that has been cut upstream of P1, downstream of T1, and subsequently ligated such that the otherwise divergent P1 and T1 primers yield PCR products. However, for the P1-T1 PCR signals to be interpreted as evidence for looping, it is essential that the crosslinked 3C DNA samples are cut between P1 and T1. To address this issue, we monitored internal cutting of 3C samples by convergent PCR either prior to or following HindIII digestion using the BLM10 F2 and R1 primer pair ( Figure 2A ) and the HEM3 F1 and R1 primer pair ( Figure 2C ). Whereas samples from cells grown at either 24 C or 37 C yielded robust BLM10 F2-R1 and HEM3 F1-R1 PCR products prior to digestion, these signals were nearly eliminated following HindIII digestion of samples derived from wild-type, rpb1-1, and ssu72-td strains that had been grown at either permissive (24 C) or restrictive (37 C) temperature (Figures 2B and 2D, cf. lanes 1 and 2 with lanes 3-8). The residual uncut DNA detected by convergent PCR in these experiments cannot account for the P1-T1 PCR signals (Figure 1 ). If this were the case then the diminished P1-T1 PCR signals observed for the rpb1-1 and ssu72-td strains at 37 C (Figures 1A-1D , lanes 4 and 6) could only be explained by diminished cutting at the HindIII sites adjacent to P1 and/or T1. This is clearly not the case: the UF-P1 and T1-DR convergent PCR products that monitor cutting adjacent to the P1 and T1 sites, respectively, are not elevated at 37 C for either BLM10 or HEM3 (Figures S1 and S2 in the Supplemental Data available with this article online, cf. lanes 5 and 7 with lanes 6 and 8), as would be expected if the diminished P1-T1 PCR products at 37 C ( Figure 1 ) were due to incomplete restriction digestion. Moreover, these results are consistent for every gene analyzed in our studies: P1-T1 PCR signals are diminished in the rpb1-1 and ssu72-td strains at 37 C for BLM10, SAC3, GAL10, and HEM3 (Figure 1 ), as well as for SEN1 and BUD3 (Ansari and Hampsey, 2005) . These data confirm that P1-T1 PCR products from 3C analysis represent gene loops.
Gene Looping Juxtaposes the Promoter and Terminator Regions of BLM10 and HEM3
To map the juxtaposed regions of a DNA loop, we repeated the 3C analysis of looping at the BLM10 gene using the strategy depicted in Figure 3A , which exploits the seven HindIII sites located within the BLM10 ORF. As expected, a P1-F1 signal was detected, corresponding to intramolecular ligation of the DNA fragment encompassing the BLM10 promoter (lane 1). A P1-F2 PCR product was also detected, albeit yielding a weaker signal than the P1-F1 product (lane 2), and no PCR product was detected using the P1-F3 primer pair (lane 3). Similar results were obtained using the T1 primer with internal primer pairs. T1-R1 yielded a strong signal (lane 7), T1-R2 yielded a weaker signal (lane 6), and an even weaker signal was detected using T1-R3 (lane 5). Thus, as the probability increases that the DNA is cut at least once between primer pairs, the PCR signals decrease. Yet despite the presence of seven HindIII sites within the BLM10 ORF, a strong PCR signal was consistently obtained using the P1-T1 primers (lane 4).
Next, we asked whether we could map the juxtaposed regions of the 1.0 kb HEM3 gene using a similar strategy. As depicted in Figure 3D , two HindIII sites are present within the HEM3 ORF. Results are presented in Figure 3E . The P1-F2 PCR product (lane 2) is diminished relative to the P1-F1 control (lane 1), and the T1-R2 PCR product (lane 4) is diminished relative to the T1-R1 control (lane 5). Thus, the presence of a single HindIII site between the divergent primer pairs is sufficient to diminish the two PCR signals associated with intramolecular ligation. Nonetheless, the P1-T1 PCR signal is comparable to either P1-F1 or T1-R1 despite the presence of two HindIII sites between P1 and T1. These results for BLM10 and HEM3 are consistent with our earlier analysis of the SEN1 gene (Ansari and Hampsey, 2005) and confirm that gene loops involve the juxtaposition of distal regions Table S1 . The polarity of transcription is denoted by arrows. Gene looping was assayed prior to or following a 1 hr shift from the permissive (24 C) to the restrictive (37 C) temperature using the wild-type strain FY23 (lanes 1 and 2), the rpb1-1 mutant RS420 (lanes 3 and 4), and the ssu72-td degron strain XH-24 (lanes 5 and 6). Control PCR represents an intergenic region of chromosome V, generated using convergent primers. P1-T1 PCR products were quantified by dividing P1-T1 PCR signals by control PCR signals for each sample; these ratios were then divided by the ratio of the WT 24 C sample for each gene to yield the number depicted beneath each lane.
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of the DNA that encompass the promoter and terminator of each gene.
A Role for TFIIB in Gene Looping
The cumulative results from our laboratory demonstrate that DNA loops (1) are RNAP II dependent; (2) juxtapose promoter and terminator regions; and (3) involve the Ssu72 and Pta1 components of the CPF 3 0 end processing complex. These results suggest that components of the RNAP II transcription initiation machinery might also be involved in loop formation. Based on its physical and functional interaction with Ssu72, a potential candidate among the transcription initiation factors for involvement in looping is TFIIB (Dichtl et al., 2002; Sun and Hampsey, 1996; Wu et al., 1999) .
To determine whether TFIIB affects looping, we assayed loop formation in an sua7-1 mutant. The sua7-1 allele encodes a glutamic acid to lysine replacement at (D) HEM3 F1-R1 PCR products using 3C samples, as described in (B). The BLM10 F2 and R1 and the HEM3 F1 and R1 primers are identical to those depicted in Figure 3 and are defined in Table S1 . (C) PCR products derived from the indicated primer pairs by 3C analysis. As the number of HindIII restriction sites between the divergent primer pairs increase, the PCR signals decrease, except for the P1-T1 primer pair, which yields a strong signal despite the presence of seven intervening HindIII sites.
(D) Schematic depiction of the HEM3 gene, labeled as described for the BLM10 gene in (B).
(E) PCR products derived from the indicated primer pairs by 3C analysis. The presence of a single HindIII restriction site between the P1 and F2 or T1 and R2 primer pairs diminishes the PCR signal, yet the P1-T1 primer pairs yield a strong signal despite the presence of both ORF HindIII sites. PCR products were quantified by normalizing each signal to the P1-T1 PCR signal.
position 62 (E62K) within the B finger domain (Bushnell et al., 2004; Pinto et al., 1994) . We chose this mutant because sua7-1 genetically interacts with ssu72-1 to cause a heat-sensitive (37 C) growth defect (Sun and Hampsey, 1996) . Moreover, sua7-1, which by itself causes a coldsensitive growth defect at 16 C, does not affect transcript levels at the permissive temperature (Pinto et al., 1992) . Accordingly, the sua7-1 mutant is distinctly different from the rpb1-1 mutant with respect to effects on transcription in vivo. As shown in Figures 4A-4E , the P1-T1 PCR signals were clearly diminished at the SEN1, BLM10, SAC3, GAL10, and HEM3 genes in the sua7-1 mutant (YMH124) (lane 2) relative to the isogenic wildtype strain (YMH14) (lane 1). As described above, we confirmed internal HindIII digestion of 3C samples by convergent PCR using the BLM10 F2 and R1 primer pair and the HEM3 F1 and R1 primer pair ( Figures 2B and 2D , cf. lanes 1 and 2 with lanes 9 and 10). RT-PCR analysis of transcript levels expressed from the same genes confirmed that the adverse effects of sua7-1 on looping are not a consequence of impaired transcription ( Figure 4F ). These results suggest that TFIIB plays a role in gene looping independent of its role in transcription.
TFIIB Crosslinks to the Promoter and Terminator
Regions of the PMA1 and BLM10 Genes We next considered the possibility that TFIIB might associate with the terminator region as well as the promoter under conditions that favor looping. To address this issue, we assayed TFIIB crosslinking by ChIP to the PMA1 gene, which has been used extensively to study factor occupancy during different stages of the transcription cycle Kim et al., 2004; Komarnitsky et al., 2000; Nedea et al., 2003) . The host strain was YMH14. The ChIP strategy is depicted in Figure 5A , and the results are shown in Figure 5B . As expected, TFIIB occupies the promoter (region 1), but it also crosslinks to region 8, which lies just downstream of the two poly(A) sites at regions 6 and 7. No association of TFIIB with ORF regions 2-4 or with the poly(A) sites was detected. TFIIB crosslinking to region 8 does not reflect binding to the promoter of the next gene (LEU1) downstream of PMA1 because TFIIB does not crosslink to region 9, located just downstream of region 8. Furthermore, the TFIIB signal at region 8 does not represent binding to a cryptic promoter as TBP does not crosslink to this region ( Figure 5G, see below) .
If TFIIB association with the terminator region is important for gene looping, then crosslinking to the PMA1 terminator might be diminished in the sua7-1 mutant because of the adverse effect of sua7-1 on looping (Figure 4 ). To test this possibility, we repeated the ChIP assay using strain YMH124 (sua7-1), which is isogenic to YMH14 (SUA7). In this case, TFIIB association with region 8 was markedly diminished relative to that of the wild-type strain ( Figure 5B , cf. lane 8 in WT and sua7-1 strains). As expected, no effect of sua7-1 on TFIIB crosslinking to the promoter (region 1) was observed, consistent with earlier results showing that two different amino acid replacements at position 62 of TFIIB did not affect PIC assembly (Cho and Buratowski, 1999; Ranish et al., 1999) . This differential effect of sua7-1 on TFIIB association with the promoter and terminator regions of PMA1 underscores our conclusion that TFIIB crosslinking to region 8 does not reflect binding to either the LEU1 promoter or to a cryptic promoter downstream of the PMA1 terminator.
Next we asked whether terminator crosslinking to TFIIB can be observed at a gene known to form loops. We addressed this question by performing ChIP analysis of TFIIB at the BLM10 gene. The ChIP strategy is depicted in Figure 5D , and the results are shown in Figure 5E . We found that TFIIB crosslinks to the promoter and terminator regions of BLM10 (WT, lanes 1 and 5), thereby demonstrating that (A-E) Gene loops detected by 3C analysis using P1 and T1 PCR primers specific to the SEN1, BLM10, SAC3, GAL10, and HEM3 genes. Isogenic wild-type (YMH14) and sua7-1 (YMH124) strains were grown in YPD medium to mid-log phase. The sua7-1 allele encodes the E62K replacement in TFIIB (Pinto et al., 1994) . P1-T1 PCR products were quantified as described in the Figure 1 
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TFIIB binding to a terminator region is not an anomaly of the PMA1 gene. Again, TFIIB crosslinking to the terminator, but not the promoter, is diminished in the sua7-1 mutant (cf. lanes 1 and 5). Thus, TFIIB associates with both the promoter and terminator regions of the PMA1 and BLM10 genes and association with the terminator is adversely affected by the same TFIIB defect that eliminates looping. We conclude that TFIIB facilitates looping between the promoter and terminator regions in a manner that involves TFIIB association with the terminator.
To determine whether components of the transcription PIC in addition to TFIIB associate with the terminator region, we repeated the ChIP analysis of PMA1 and BLM10, in this case monitoring the crosslinking of TBP. Results are shown in Figures 5G and 5I . As expected, we observed crosslinking of TBP to the promoter region of PMA1 ( Figure 5G , lane 1) and BLM10 ( Figure 5I , lane 1). However, we did not detect crosslinking of TBP to downstream regions, including region 8 of PMA1 (Figure 5G , lane 8) and region 5 of BLM10 ( Figure 5I, lane 5) . These results define a clear distinction between the association of TFIIB and TBP with the terminator regions of these two genes and indicate that TFIIB crosslinks to the terminator region independent of its association with the promoter. (B) ChIP analysis of TFIIB crosslinking to PMA1 using isogenic strains YMH14 (WT) and YMH124 (sua7-1). Chromatin was immunoprecipitated using polyclonal a-TFIIB antibody. Lanes correspond to the regions depicted in (A); lane V denotes an intergenic region of chromosome V. All PCR primer pairs used in this analysis are identical to those described previously (Komarnitsky et al., 2000) . The input signal represents DNA prior to immunoprecipitation. Table S1 .
(E) ChIP analysis of TFIIB crosslinking to BLM10 using the same strains and antibody as in (B). (F) Quantification of the data shown in (E). (G) Identical to (B), except chromatin was immunoprecipitated using polyclonal a-TBP antibody. (H) Quantification of the data shown in (G). (I) Identical to (E), except chromatin was immunoprecipitated using polyclonal a-TBP antibody. (J) Quantification of the data shown in (I)
. For all ChIP experiments, factor association was quantified by dividing the IP:input signal for each region by the IP:input signal for region V.
1999), is required for gene looping (Figure 1 and Ansari and Hampsey, 2005) , and is a component of the CPF 3 0 end processing complex . We therefore asked whether TFIIB association with the terminator region might be dependent upon Ssu72. We repeated the ChIP analysis of TFIIB at the PMA1 and BLM10 genes using isogenic wild-type (FY23) and ssu72-td (XH-24) strains grown at permissive (24 C) and restrictive (37 C) temperatures. Results are shown in Figure 6 . Consistent with the results shown in Figure 5 , TFIIB crosslinked to the promoter and terminator regions of PMA1 in the wild-type strain grown at 24 C and 37 C ( Figure 5B , lanes 1 and 8). Similar results were obtained for the BLM10 gene ( Figure 5E, lanes 1 and 5) . Remarkably, however, TFIIB crosslinking to the terminator, but not to the promoter, was eliminated in the ssu72-td mutant when cells were incubated at the nonpermissive temperature (37 C). These results confirm that TFIIB associates with the terminator regions of these two genes and establishes that this interaction is dependent upon the Ssu72 component of the CPF 3 0 end processing complex.
DISCUSSION
The results presented in this paper provide strong support for the formation of gene loops in yeast. Earlier results demonstrated the presence of loops at three long genes: FMP27, SEN1, and BUD3 (Ansari and Hampsey, 2005; O'Sullivan et al., 2004) . In this study, we have expanded the list of genes that form loops to include BLM10, SAC3, GAL10, and HEM3. Even in the case of the 1.0 kb HEM3 gene, we were able to demonstrate that looping is not a consequence of DNA interactions along the length of the gene but is due to juxtaposition of the ends of the gene. Thus, looping is not idiosyncratic to long genes. (B) ChIP analysis of TFIIB crosslinking to PMA1, as described in Figure 5A , except using isogenic strains FY23 (WT) and XH-24 (ssu72-td) that had been incubated at either the permissive (24 C) or restrictive (37 C) temperature for 1 hr prior to crosslinking. Incubation of XH-24 at 37 C results in depletion of the Ssu72 CTD phosphatase (Krishnamurthy et al., 2004) . 
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We suggest that gene looping might be a general characteristic of RNAP II-transcribed genes in S. cerevisiae.
How Are Gene Loops Formed?
Gene loops are not static features of chromosomes but appear to form in response to the transcriptional status of the gene (Ansari and Hampsey, 2005; O'Sullivan et al., 2004) . For every gene analyzed in our studies, looping is RNAP II dependent and requires the Ssu72 component of the CPF 3 0 end processing complex. The CPF requirement can account, at least in part, for the transcription requirement: CPF is recruited directly to the 3 0 end of the nascent mRNA prior to pre-mRNA processing and transcription termination. These results imply that gene looping requires a pioneer round of transcription and mRNA 3 0 end processing. In this study we demonstrate that gene loops are also dependent upon the general transcription factor TFIIB. The sua7-1 mutant proved to be especially informative because it adversely affects looping without affecting transcription. In contrast to the rpb1-1 mutant, which effectively blocks all RNAP II transcription at 37 C, the sua7-1 mutant exhibits no growth defect at 30 C and has no discernible effect on global transcription. Moreover, sua7-1 is not defective for transcription of SEN1, BLM10, SAC3, GAL10 and HEM3, yet looping is clearly impaired at all five of these genes (Figure 4) . Whereas the adverse effect of the rpb1-1 mutation on looping allows us to conclude that transcription affects looping, the similar effect of the sua7-1 mutation on looping, with no discernible effect on transcription, allows us to conclude that looping is dependent upon TFIIB in a manner independent of its role in transcription.
TFIIB occupies both ends of the PMA1 and BLM10 genes and does not associate with the intervening ORFs. Remarkably, the sua7-1 mutation specifically diminished TFIIB-terminator crosslinking, with no effect on TFIIB-promoter crosslinking. TFIIB association with the terminator regions of these two genes is not a consequence of cryptic promoter elements, as our ChIP data show that TBP does not crosslink to these regions. To our knowledge, this is the first report of TFIIB occupancy of terminator regions. Mammalian TFIIB dissociates from the promoter at the initiation stage of the transcription cycle and does not travel with the elongating RNAP II (Roberts et al., 1995; Zawel et al., 1995) , and yeast TFIIB is not found in the scaffold that is retained at the promoter subsequent to promoter clearance in vitro (Yudkovsky et al., 2000) . Very few studies have addressed gene occupancy of TFIIB by ChIP; we are aware of only a single study in yeast that included analysis of the 3 0 end: TFIIB was reported to occupy the promoter region of the PYK1 gene, but not its poly(A) site (Nedea et al., 2003) . However, that analysis of PYK1 was limited to a single 3 0 region that overlaps the ORF and did not exclude the possibility that TFIIB associates further downstream, as we show here for PMA1 ( Figure 5 ). ChIP analysis of the human p21 CIP1 locus did not show TFIIB occupancy beyond the promoter region (Gomes et al., 2006) , although it is not known whether gene loops that juxtapose promoterterminator regions occur in mammalian cells. Additional studies are needed to assess whether TFIIB generally associates with terminator regions and whether the E62K replacement or related TFIIB defects adversely affect this interaction.
A Model for TFIIB in Gene Looping
How is TFIIB recruited to the terminator and how does it affect looping? One possibility is that TFIIB association with the terminator is not a consequence of juxtaposition of a TFIIB-bound promoter with the terminator but occurs instead as a prerequisite to loop formation. We propose that TFIIB associates with the terminator by directly binding RNAP II (Figure 7 ). In light of the X-ray structure showing that the B finger of TFIIB inserts into the RNA exit channel of RNAP II and that the structure of the B finger is dependent upon an E62-R78 salt bridge (Bushnell et al., 2004) , failure of TFIIB E62K to occupy the terminator might be due to the inability of a distorted B finger to bind RNAP II at the terminator. Conversely, E62K might not affect RNAP II binding in the context of the promoter DNA-TFIID-TFIIB complex, which would not only be consistent with our ChIP data ( Figure 5 ) but also with earlier reports showing that the E62K and E62G forms of TFIIB do not affect PIC assembly in vitro (Cho and Buratowski, 1999; Ranish et al., 1999) . Furthermore, if TFIIB binds RNAP II subsequent to endonucleolytic RNA processing, the B finger might compete with the 3 0 downstream RNA for occupancy of the RNA exit channel. This possibility might be analogous to competition between the B finger and 5 0 nascent transcript that has been proposed to account for the transition from abortive initiation (retention of TFIIB) to promoter clearance (displacement of TFIIB) (Bushnell et al., 2004) . Affinity of the downstream RNAP II-TFIIB complex for the initiation scaffold would then form a loop that juxtaposes the terminator with the promoter. As the scaffold appears to retain all components of the initiation complex except RNAP II, TFIIB, and TFIIF (which readily binds RNAP II) (Yudkovsky et al., 2000) , gene looping has the potential to generate a functional reinitiation complex for subsequent rounds of transcription. As proposed earlier (Ansari and Hampsey, 2005) , Ssu72 might facilitate looping by catalyzing dephosphorylation of serine-5-P, converting the elongation-competent, hyperphosphorylated IIO form of RNAP II to the initiation-competent, hypophosphorylated IIA form. It is also conceivable that Ssu72 affects looping by enabling TFIIB association with RNAP II at the terminator, a possibility suggested by the Ssu72 requirement for TFIIB-terminator crosslinking, although it remains to be determined whether TFIIB directly binds RNAP II at the terminator.
Why Do Genes Form Loops?
The formation of gene loops in a manner that requires components of the transcription initiation and termination machineries implies that gene loops serve a physiological purpose. As discussed above, one possibility is that gene loops facilitate transcription reinitiation by transferring RNAP II from the terminator to the promoter. Although this has not been demonstrated for RNAP II, direct translocation from terminator to promoter has been reported for other RNA polymerases. Yeast RNAP III was found to translocate from the terminator to the promoter of the same gene in vitro, and this event enhanced the rate of transcription reinitiation (Dieci and Sentenac, 1996) . Whether recycling of RNAP III involves gene looping has not been reported. More recently, gene looping was detected at a human mitochondrial rDNA locus (Martin et al., 2005) . rDNA looping was mediated by a transcription termination factor that bridged the interaction between the termination and initiation sites. Accordingly, human mitochondrial gene looping is transcription dependent, dependent upon a component of the termination machinery, and stimulates the rate of transcription by recycling RNAP (Martin et al., 2005) . We suggest that gene looping might play a similar role at RNAP II-transcribed genes, enhancing rates of transcription by promoting RNAP II recycling under inducing conditions. In this context it is interesting to note that the GAL1 gene was recently reported to exhibit ''transcriptional memory,'' defined as SWI/SNFdependent rapid reinduction kinetics following a prior round of transcription (Kundu et al., 2007) . It will be interesting to determine whether SWI/SNF is required for looping and whether gene looping might underlie transcriptional memory.
Although we favor a role for gene loops in RNAP II recycling, we do not exclude other possibilities. Several recent studies have reported the localization of active yeast genes to the nuclear periphery in association with nuclear pore complexes (Brickner and Walter, 2004; Casolari et al., 2004; Rodriguez-Navarro et al., 2004) . In the case of the HXK1 gene, localization to the nuclear periphery is transcription dependent and requires the 3 0 UTR (Taddei et al., 2006) . In related studies, the nucleoporin Nup2 was found to be juxtaposed to the HXK1 and GAL1/10 promoters (Schmid et al., 2006) and positioning of the GAL1 gene at the nuclear periphery required components of the TREX mRNA export complex (Cabal et al., 2006) . Thus, gene loops could facilitate the coupling of transcription with mRNA export (Blobel, 1985) . Gene loops might also serve as barriers to restrict transcriptional interference. For example, juxtaposition of the terminator with the promoter might enhance terminator function. Such a mechanism could be especially important in yeast where gene density is high and RNAP II readthrough from an upstream gene can impair transcription of a downstream gene by promoter occlusion (Greger and Proudfoot, 1998; Martens et al., 2004; Valerius et al., 2002) . Whether gene loops facilitate transcriptional activation or underlie other transcription-coupled events, it is now clear that promoter-terminator looping is a phenomenon that warrants further investigation in yeast and other organisms.
EXPERIMENTAL PROCEDURES
Yeast Strains
The isogenic strain pair YMH14 and YMH124 (sua7-1) are identical to T16 and YDW546, respectively, and were described previously (Pinto et al., 1992 (Pinto et al., , 1994 . Strain RS420 (rpb1-1) (Nonet et al., 1987) and the isogenic strain pair FY23 (Madison and Winston, 1997) and XH-24 (ssu72-td) were also described previously.
Capturing Chromosome Conformation DNA loops were analyzed by a modified version of 3C (Dekker, 2006; Dekker et al., 2002) , as described previously (Ansari and Hampsey, 2005) . Cells were grown at 24 C in YPD medium to a cell density of A 600 = 0.7-0.9, shifted to either 24 C or 37 C for 1 hr, harvested, and crosslinked with 1% formaldehyde for 10-15 min at 24 C. The reaction was stopped by addition of glycine to 125 mM, and cultures were incubated for an additional 5 min at room temperature. The cell pellet obtained from the 50 ml culture was washed with 20 ml of 13 TBS buffer (10 mM Tris-HCl [pH 7.5] and 200 mM NaCl) containing 1% Triton X-100 and resuspended in 500 ml of FA-lysis buffer (50 mM HEPES-KOH [pH 7.9], 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, and 1 mM PMSF). Approximately 500 ml of acid-washed glass beads was added, and cells were lysed by vigorous shaking for 40 min at 4 C. Eppendorf tubes were punctured with a 22G needle, and filtrates were collected in a 15 ml tube, transferred to a 1.5 ml tube, and spun for 15 min at 4 C in a microfuge. The crude chromatin pellet was washed with 500 ml of FA-lysis buffer and resuspended in 500 ml of 10 mM Tris-HCl (pH 7.5).
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Crosslinked, crude chromatin preparations were digested with a restriction endonuclease (HindIII or EcoRI) that cuts at least once within the coding sequence and at sites flanking the promoter and terminator regions. Typically, 20 ml of chromatin preparation was digested with 10 ml of restriction enzyme in a 100 ml reaction volume. The restriction digestion was carried out for 4 hr with occasional mixing. The reaction was stopped by adding 10 ml of 10% SDS and incubating for 20 min at 65 C. To sequester SDS and allow the subsequent ligation reaction, 75 ml of 10% Triton X-100 was added, followed by 7.53 dilution to a final volume of 750 ml. Samples were centrifuged, and the pellet was dissolved in 10 mM Tris-HCl (pH 7.5). Ligation reactions were performed in 750 ml for 1 hr at 25 C using Quick Ligase (New England Biolabs). To ensure complete removal of RNA, 10 mg of DNase-free RNase (Roche) was added to the reaction mixture, and the incubation was carried out for 15 min at 37 C. The crosslinks were reversed for 8 hr at 65 C in the presence of 100 mg Proteinase K (Roche). The samples were extracted with phenol-chloroform three times and precipitated by ethanol in the presence of glycogen. DNA concentrations were determined spectrophotometrically, and 250 ng of DNA was used as the template in each PCR reaction. PCR reactions (30 cycles) were performed using the indicated divergent or convergent primer pairs (Table S1 ). Control PCR products were generated using a convergent primer pair corresponding to an intergenic region of chromosome V . PCR products were fractionated on a 1.5% agarose gel and visualized by ethidium bromide staining using an AlphaImager 2000.
Chromatin Immunoprecipitation
Crosslinking and isolation of chromatin were performed as described for 3C analysis. Chromatin was sonicated 10 times for 15 s with 30 s intervals in FA lysis buffer. Samples were spun at 14,000 rpm in a refrigerated microfuge. The supernatant was mixed with 25 ml of anti-TFIIB (Pinto et al., 1994) or 50 ml anti-TPB (Santa Cruz Biotechnology, Inc.) polyclonal antibodies and allowed to bind for 3 to 4 hr at 4 C with gentle shaking. The antigen-antibody complex was adsorbed on 50 ml of protein A-Sepharose beads and washed successively with 1 ml each of FA-lysis buffer, FA-lysis buffer containing 500 mM NaCl, ChIP wash buffer (10 mM Tris-HCl [pH 8.0], 250 mM LiCl, 0.5% Nonidet-P40, 0.5% sodium deoxycholate, and 1 mM EDTA), and TE buffer. Finally, beads were resuspended in 250 ml of elution buffer (50 mM Tris-HCl [pH 8.0], 10 mM EDTA, and 1% SDS) and incubated at 65 C for 10 min with occasional mixing. Following a brief spin, the supernatant was transferred to a new tube and incubated with 10 mg of DNase-free RNase and 20 mg Proteinase K at 37 C for 10 min. The crosslinks were reversed by overnight incubation at 65 C in the same buffer. Samples were extracted with phenol-chloroform and precipitated with ethanol in the presence of glycogen. DNA pellets were resuspended in 50 ml TE and used as template for PCR amplification. PCR reactions were performed using 2 ml of immunoprecipitated DNA and the primer pairs depicted in Figure 5 . The PMA1 primer pairs are identical to those described previously . The BLM10 primers are listed in Table S1 . PCR reactions were performed and analyzed as described above for 3C.
RT-PCR Analysis
Total RNA was isolated using a modification of the RNeasy Midi RNA isolation procedure (QIAGEN). The cell pellets obtained from 50 ml cultures, grown in parallel with the cultures used for 3C analysis, were dissolved in 400 ml of RLT buffer. Approximately 400 ml of acid-washed glass beads was added, and cells were lysed by vigorous shaking for 40 min at 4 C. Eppendorf tubes were punctured with a 22G needle, and filtrates were collected in a 15 ml tube. Cell lysates were collected after centrifugation and used for RNA isolation according to the QIAGEN protocol. RT-PCR was done using 1 mg of total RNA and gene-specific forward and reverse primer pairs according to the One-Step RT-PCR system. PCR products were analyzed as described above for 3C. 
